Otolithic receptor mechanisms for vestibular-evoked myogenic potentials: A review by Curthoys, I. et al.
May 2018 | Volume 9 | Article 3661
Review
published: 25 May 2018
doi: 10.3389/fneur.2018.00366
Frontiers in Neurology | www.frontiersin.org
Edited by: 
Brian D. Corneil, 
University of Western Ontario, 
Canada
Reviewed by: 
Mathieu Beraneck, 
UMR8119 Centre de neurophysique, 
physiologie, pathologie, France  
Erin Gillikin Piker, 
James Madison University, 
United States
*Correspondence:
Ian S. Curthoys 
ian.curthoys@sydney.edu.au
Specialty section: 
This article was submitted to 
Neuro-Otology, 
a section of the journal 
Frontiers in Neurology
Received: 26 March 2018
Accepted: 07 May 2018
Published: 25 May 2018
Citation: 
Curthoys IS, Grant JW, Burgess AM, 
Pastras CJ, Brown DJ and Manzari L 
(2018) Otolithic Receptor 
Mechanisms for Vestibular-Evoked 
Myogenic Potentials: A Review. 
Front. Neurol. 9:366. 
doi: 10.3389/fneur.2018.00366
Otolithic Receptor Mechanisms for 
vestibular-evoked Myogenic 
Potentials: A Review
Ian S. Curthoys1*, J. Wally Grant2, Ann M. Burgess1, Chris J. Pastras3, Daniel J. Brown3 
and Leonardo Manzari4
1 Vestibular Research Laboratory, School of Psychology, The University of Sydney, Sydney, NSW, Australia, 2 Department of 
Biomedical Engineering and Mechanics, VA Tech, Blacksburg, VA, United States, 3 The Menière’s Laboratory, Sydney 
Medical School, The University of Sydney, Sydney, NSW, Australia, 4 MSA ENT Academy Center, Cassino, Italy
Air-conducted sound and bone-conduced vibration activate otolithic receptors and 
afferent neurons in both the utricular and saccular maculae, and trigger small electro-
myographic (EMG) responses [called vestibular-evoked myogenic potentials (VEMPs)] 
in various muscle groups throughout the body. The use of these VEMPs for clinical 
assessment of human otolithic function is built on the following logical steps: (1) that 
high-frequency sound and vibration at clinically effective stimulus levels activate otolithic 
receptors and afferents, rather than semicircular canal afferents, (2) that there is differ-
ential anatomical projection of otolith afferents to eye muscles and neck muscles, and 
(3) that isolated stimulation of the utricular macula induces short latency responses in 
eye muscles, and that isolated stimulation of the saccular macula induces short latency 
responses in neck motoneurons. Evidence supports these logical steps, and so VEMPs 
are increasingly being used for clinical assessment of otolith function, even differential 
evaluation of utricular and saccular function. The proposal, originally put forward by 
Curthoys in 2010, is now accepted: that the ocular vestibular-evoked myogenic potential 
reflects predominantly contralateral utricular function and the cervical vestibular-evoked 
myogenic potential reflects predominantly ipsilateral saccular function. So VEMPs can 
provide differential tests of utricular and saccular function, not because of stimulus selec-
tivity for either of the two maculae, but by measuring responses which are predominantly 
determined by the differential neural projection of utricular as opposed to saccular neural 
information to various muscle groups. The major question which this review addresses 
is how the otolithic sensory system, with such a high density otoconial layer, can be 
activated by individual cycles of sound and vibration and show such tight locking of the 
timing of action potentials of single primary otolithic afferents to a particular phase angle 
of the stimulus cycle even at frequencies far above 1,000 Hz. The new explanation is that 
it is due to the otoliths acting as seismometers at high frequencies and accelerometers 
at low frequencies. VEMPs are an otolith-dominated response, but in a particular clinical 
condition, semicircular canal dehiscence, semicircular canal receptors are also activated 
by sound and vibration, and act to enhance the otolith-dominated VEMP responses.
Keywords: vestibular, utricular, saccular, vestibular-evoked myogenic potential, cervical vestibular-evoked 
myogenic potential, ocular vestibular-evoked myogenic potential, sound, vibration
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PReFACe
In the last 5 years, there has been a very rapid growth of knowledge 
concerning vestibular-evoked myogenic potentials (VEMPs) and 
their physiological basis (1, 2). This includes new understanding 
of how sound and vibration activate otolithic receptors. The pre-
sent review seeks to provide a concise comprehensive overview, as 
accurate as we can make it at May 2018, of the basic physiological 
mechanisms underlying VEMPs.
iNTRODUCTiON
Before the 1990s, the usual way to probe the function of the 
otoliths was to measure responses, such as eye movements or 
perception, to maintained or low-frequency linear acceleration 
stimuli provided by sleds or centrifuges or tilting chairs (3–8). 
Such tests were clinically impractical because of the small, vari-
able, unreliable responses, as well as safety issues in delivering 
the stimuli. Since then there has been a major change: now 
surface electrodes on the skin are being used to record myogenic 
potentials in response to sound and vibration to probe otolith 
function, simply, quickly, reliably, and safely. These are called 
vestibular-evoked myogenic potentials (VEMPs). It is now 
clear that because of extensive indirect projections of vestibular 
neurons there are a host of VEMPs throughout the body (9, 
10), with the two most frequently studied being the cervical 
vestibular-evoked myogenic potential [cVEMP—recorded 
from above the tensed sternocleidomastoid muscle (SCM)] and 
the ocular vestibular-evoked myogenic potential (oVEMP—
recorded from above the inferior oblique as the patient looks 
up) (11–14) (see Figure 1).
The primary question is: are VEMP responses to sound (ACS) 
or bone-conducted vibration (BCV) really due to vestibular acti-
vation, since obviously sound and vibration stimulate cochlear 
receptors? That question was answered by showing the presence 
of VEMPs in patients without hearing but with vestibular func-
tion, and the absence of VEMPs in patients with hearing but 
without vestibular function after systemic gentamicin (11, 13, 
17). These data show conclusively that VEMP tests are vestibular 
and not cochlear, and that evidence is supported by physiologi-
cal research showing primary otolithic neurons are activated by 
sound and vibration. However, the next major question is how 
sound and vibration activate otolithic receptors and afferents, and 
that is the main focus of this review—the physiological basis for 
using these myogenic potentials to index otolith function, and the 
rationale for using these tests to test utricular or saccular function 
differentially.
The traditional view of the otoliths has been that they are flat 
sheets of tissue (called maculae—Figure 2) in which there are 
Abbreviations: ABR, auditory brainstem response; ACS, air-conducted sound; 
BCV, bone-conducted vibration; Fz, the midline of forehead at the hairline; IO, 
inferior oblique eye muscle; VEMP, vestibular-evoked myogenic potential; cVEMP, 
cervical vestibular-evoked myogenic potential; oVEMP, ocular vestibular-evoked 
myogenic potential; OL, otoconial layer; NEL, neuroepithelial layer; SCD, semicir-
cular canal dehiscence; n10, the negative potential of the oVEMP at about 10 ms 
latency; SCM, sternocleidomastoid muscle; SPL, sound pressure level.
embedded thousands of receptor hair cells with their hair bundles 
projecting into the gelatinous otoconial layer (OL) covered by 
crystals of dense otoconia [specific gravity of 2.73—similar to 
granite (18)]. In the human, there are around 33,000 receptors in 
each utricular macula and 18,000 in each saccular macula, with 
about 5,000 utricular afferents and 4,000 saccular afferents (19, 
20). The stimulus for causing vestibular hair cell transduction 
is deflection of the hair bundle with respect to the cell body of 
the receptor in the neuroepithelial layer (NEL) of the macula or 
crista. The traditional view is that the otoliths are stimulated by 
linear accelerations (such as head tilt) because the linear accelera-
tion drags the otoconia and so deflects the hair bundles of the 
otolithic receptors (21) (Figures 2B–E). Because of the high den-
sity of the otoconia, the otoliths have been regarded as a sensory 
system responsive to static tilts and fairly low frequencies of linear 
acceleration—up to a few hundred Hertz [e.g., Ref. (21–26)].
Physiological evidence shows the otoliths do respond to 
maintained tilts and low-frequency linear accelerations, and 
here, we call this the accelerometer mode of otolith operation. 
But there is now abundant evidence that some otolithic receptors 
and afferents can be activated by air-conducted sound (ACS) 
and BCV up to frequencies of thousands of Hertz. This is shown 
by neural recordings of otolithic afferents with irregular resting 
discharge in squirrel monkey, cat, rat, and guinea pig (28–41). 
This neural evidence of otolithic activation by high frequencies 
is the foundation on which VEMPs to ACS and BCV are used to 
test otolith function.
The maculae are (moderately) curved structures (Figure  2) 
(42). The receptor cells, embedded in the neurepithelium of the 
maculae, fall into two types: amphora-shaped type I receptors or 
cylindrical type II receptors, and these two types are intermingled 
across the maculae (43, 44). Otolithic receptors are activated by 
hair bundle deflection toward the longest cilium (the kinocilium), 
and so each receptor has a preferred direction which is termed 
its morphological polarization. The receptors have opposite 
morphological polarization on either side of a dividing line now 
called “the line of polarity reversal” (Figure 2).
The receptors in a band (called the striola) straddling the line 
of polarity reversal are especially important—they have short stiff 
cilia with tenuous attachment to the otoconial membrane (27, 
45), and there is a greater concentration of type I receptors in 
the striola (44, 46). The type I receptor cell bodies are enveloped 
by the calyx ending of afferents with irregular resting discharge 
(31, 47, 48). It appears that the attachment of the hair bundles of 
striolar receptors to the overlying otoconial membrane is tenu-
ous (27, 49, 50). Extracellular recordings from primary otolithic 
afferents with irregular resting discharge have shown that these 
afferents are sensitive to sound and vibration, and histological 
tracing has shown these afferents contact type I receptors at the 
striola (31, 33).
Songer and Eatock (51) used intracellular recording from 
isolated type I otolithic receptors and showed that mammalian 
type I receptors could respond to displacements at frequencies 
of hundreds of Hertz (and probably higher). The size of these 
displacements is small, but only small displacements are needed 
since individual vestibular receptors are almost as sensitive as 
individual cochlear receptors. Using intracellular recordings 
FigURe 1 | Vestibular-evoked myogenic potentials (VEMPs). There are a host of VEMPs since vestibular input projects indirectly to many muscle groups. The two 
VEMPs which have received the most attention are cervical vestibular-evoked myogenic potentials (cVEMPs) and ocular vestibular-evoked myogenic potentials 
(oVEMPs). cVEMPs are recorded by surface electromyographic (EMG) electrodes over the tensed sternocleidomastoid muscles (SCMs) (11). The cVEMP consists of 
a short latency (13 ms from onset to peak) positive (i.e., inhibitory) EMG potential in response to high-intensity air-conducted sound (ACS) or bone-conducted 
vibration (BCV) (15). oVEMPs consist of a small (5–10 µV) negative (i.e., excitatory) potential recorded by surface electrodes on the skin beneath the eyes from the 
inferior oblique in response to BCV or ACS (12, 13). To record the oVEMP, the subject must be looking up. (A) Electrode placement for oVEMPs and cVEMPs; the 
ground electrode (not shown) is typically on the chin or sternum. (B) [Reprinted from Iwasaki et al. (16) © 2009, with permission from Elsevier.] Typical oVEMP and 
cVEMP traces for a healthy subject: the magnitude of the n10 response is approximately equal beneath both eyes for the oVEMP, and similarly the magnitude of the 
p13–n23 response is approximately equal in both SCMs for the cVEMP.
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response (ABR) threshold, whereas vestibular neural thresholds 
for ACS are at levels about 70 dB above ABR threshold (29, 31).
PHASe LOCKiNg
The exact response of these primary otolithic irregular neurons to 
BCV and ACS reveals a vital principle in the mechanism of trans-
duction of high frequencies. For all neurons activated by ACS or 
BCV, the neurons do not fire an action potential on every single 
cycle, but the moment when the neuron fires is locked to a narrow 
band of phase angles of the stimulus waveform (Figure 4) (31, 38, 
53). This is true up to very high frequencies even >3,000 Hz. For 
individual afferents, the measured optimum phase angle system-
atically changes with frequency for both ACS and BCV, reflecting 
the latency of the afferent. Also the optimum phase angle for an 
individual afferent neuron at a given frequency is not constant but 
varies from neuron to neuron (38, 53).
The phenomenon of phase locking shows that for both BCV 
and ACS, every single cycle of the sine wave stimulus is the 
effective stimulus for the afferent (31), even up to frequencies of 
3,000  Hz where the duration of an individual cycle is so short 
(0.3 ms). It means that the receptors are being displaced at this 
very high frequency (3,000 times/s in this example), but when 
they fire is tightly locked to a particular phase angle of the sine 
wave stimulus even at this high frequency (38). Phase locking 
is very well established for cochlear receptors and afferents—the 
action potentials in cochlear afferent neurons are locked to each 
displacement of the basilar membrane. Phase locking of cochlear 
afferents is recognized as being a major code for the transmission 
from individual receptors stimulated by hair bundle deflection, 
Geleoc et al. (52) have shown that isolated vestibular receptors 
have similar thresholds for hair bundle displacement as cochlear 
receptors—deflections of the receptor hair bundles of around 
10  nm generate intracellular potentials in both cochlear and 
vestibular receptors.
Throughout both utricular and saccular maculae, there are 
receptors (probably cylindrical type II receptors) with long cilia 
projecting into the otolithic membrane (45). Afferent neurons 
with regular resting discharge make extensive contacts with 
extrastriolar type I and II receptors (47), but guinea pig otolithic 
afferents with regular resting discharge do not respond to ACS 
and BCV at reasonable levels [2 g peak to peak max or 130 dB 
sound pressure level (SPL) (31)].
Extracellular recordings of single primary otolithic afferents 
with irregular resting discharge show that they have a stimulus-
locked increase in firing rate to ACS or BCV stimulation up to 
frequencies of thousands of Hertz (31) (Figure 3). The threshold 
as a function of frequency is very different for ACS vs BCV. For 
ACS, the lowest thresholds are at around 90 dB SPL at 1,000 Hz, 
with cells still responding with relatively low thresholds to 2,000 
and 3,000 Hz ACS stimuli. For BCV, the lowest threshold is around 
0.02 g at frequencies from 100 to 500 Hz. For BCV frequencies 
above 750 Hz, there is a very steep increase in threshold beyond 
750 Hz, so that few neurons are activated by BCV at 2,000 Hz 
(even at 2 g peak to peak). At lower frequencies such as 500 and 
750 Hz, BCV is a much more effective and reliable stimulus than 
ACS—the threshold for single neurons to BCV is around 0.02 g 
peak to peak, which is around the level for auditory brainstem 
FigURe 2 | (A) Schematic representation of the plates of otolithic receptors 
(the utricular and saccular maculae). The arrows show the preferred 
polarization of hair cell receptors across the maculae. The dashed lines are 
lines of polarity reversal (lpr). The striola refers to a band of receptors on 
either side of the lpr (27). Schematics of type I (B,D) and type II receptors 
(C,e) show how linear acceleration acts on otoliths and so deflects the hair 
bundles of individual receptors.
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of auditory frequency information (54, 55), see Fettiplace (56) for 
a recent excellent review. It is now clear that phase locking applies 
to otolithic neurons with very tight locking to particular phase 
angles up to high frequencies. This may be due to the fact that 
irregular afferents are excellent detectors of change in stimulation 
(jerk detectors) (31, 38).
How can such an apparently sluggish system as the otoliths 
with such dense otoconia exhibit phase locking to stimulus 
frequencies of thousands of Hertz? One answer comes from 
recording the vestibular microphonic, which shows that mam-
malian utricular receptors are activated at such high frequen-
cies (57, 58). The vestibular microphonic is a field potential to 
sound or vibration and is a direct electrophysiological indicator 
of otolithic receptor hair cell function. The vestibular micro-
phonic has been recorded in  vivo in anesthetized guinea pigs 
by electrodes piercing the underside of the utricular macula 
with a glass microelectrode and then measuring the vestibular 
microphonic to BCV or ACS stimuli of varying frequency and 
amplitude (Figure 5) (57). Most importantly, in these animals, 
the cochlea has been completely removed, so there is no contribu-
tion from the cochlear microphonic. The recent paper (57) gives 
the evidence that the vestibular microphonic is a field potential 
due to otolithic receptor hair cell activation—reporting all the 
correct controls—such as chemically silencing afferent neurons 
and showing that the vestibular microphonic remains, and 
conversely chemically silencing the receptors and showing that 
the vestibular microphonic disappears, leading to the conclusion 
that the vestibular microphonic is a field potential generated by 
otolithic hair cells (utricular hair cells in this case) (Figure 5). 
The vestibular microphonic (strictly the utricular microphonic) 
has been recorded up to frequencies of 3,000 Hz. Those results 
complement the results from single neuron recordings: mamma-
lian utricular receptors really do respond to very high frequencies 
(up to 3,000 Hz), far above what the otoliths are usually thought 
to be capable of transducing. But how? The simple answer is that 
the macula moves.
Many years ago, Tullio used fine aluminum particles on the 
surface of the utricular macula to demonstrate visually that 
sound caused rabbit utricular macula to move (60). We have 
confirmed Tullio’s results by using laser Doppler vibrometry to 
measure the velocity of guinea pig utricular macula movement 
during ACS and BCV stimulation. A tiny glass bead was placed 
on the exposed underside of the utricular macula and a laser 
beam aimed at it. The Doppler shift in the wavelength of the 
reflected beam during BCV or ACS stimulation (59) confirms 
that the macula is moving and gives the macula velocity. These 
measures show that both ACS and BCV cause the macula to move 
as Tullio had reported, and at frequencies up to 3,000 Hz. The 
actual displacements are small—nanometers—but the results of 
Geleoc et al. (52) show how very sensitive vestibular receptors 
are, so that deflections of the macula of nanometers can activate 
vestibular receptors.
Irregular otolithic afferents respond to the time rate of change 
of acceleration (jerk) rather than to acceleration itself. That jerk 
sensitivity has been demonstrated in otolithic evoked potentials 
(61) to pulses of linear acceleration. That jerk sensitivity adds 
to the puzzle—now this “sluggish” system not only transduces 
maintained linear accelerations but also this evidence shows it 
really does respond to extremely fast stimuli. The puzzle to be 
explained is that the one sensory system is responding over a large 
range of frequencies—from DC up to 3,000 Hz. How could high 
frequencies of BCV cause macula and hair bundle displacements 
at 3,000 Hz, given the very large specific gravity of the otoconia 
and the viscosity of the otolithic membrane?
Grant and Curthoys (62) have put forward a model of the oto-
liths which addresses that question. The model holds that there 
are two modes of otolithic operation: the traditional accelerom-
eter mode and the new seismometer mode. At low frequencies 
of BCV, the otoconia move relative to the skull, while the macula 
stays stationary, and so the hair bundles of the receptor cells 
FigURe 4 | (A) Time series of action potentials in response to a bone-conducted vibration stimulus (shown by the red acceleration trace). Traces which contain a 
spike of neural firing are aligned using the timing of the stimulus pulse. (B) Circular histogram (rose plot) of the phase of each spike; the small and large concentric 
circles represent n = 25 and n = 50 spikes, respectively. The Rayleigh test of circular uniformity was performed on the 142 spikes, and was significant (p < 0.001), 
showing that the time when an afferent is activated is phase locked to the stimulus. Here, the neuron misses many cycles (A), as can be seen from the value of the 
action potentials which contain no spikes in the cycles preceding each instance of firing, but the time when the neuron fires is locked to a narrow band of phase 
angles of the stimulus (B). Clearly each individual cycle of the stimulus is acting to activate the receptor/afferent.
FigURe 3 | Time series of firing of an irregular otolith neuron during stimulation by bone-conducted vibration (BCV) and air-conducted sound (ACS) at 500 Hz—
both stimuli cause stimulus-locked activation. The top trace (a) shows the command voltage indicating when the stimulus is on. The second trace shows the 
extracellular recording. The three bottom traces (x, y, z) show the triaxial accelerometer recording of the stimulus. The left panel is an example of BCV stimulation 
and the right of ACS stimulation of the same neuron. Note the scale of stimulus intensity in g at the left margin between traces x and y. Reprinted by permission 
from Springer Nature, Curthoys and Vulovic (29), © 2011.
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are deflected (Figure 6). This is the “traditional” accelerometer 
mode of operation. In the accelerometer mode, the otoconia 
move relative to the macula, while the macula is accelerated 
with the skull motion. At high frequencies, the system operates 
in the seismometer mode: the otoconia remain at rest (due to 
their inertia) while the macula is in motion, again producing a 
relative displacement between the otoconia and macula. In both 
cases, there is relative motion between the otoconia and macula, 
displacing hair bundles. We explain this in more detail below.
Otoliths are biological–mechanical sensors that measure the 
acceleration of the head in the plane of the otolith. The accelera-
tion that is measured is the vector sum of gravity and the inertial 
acceleration and is called the gravitoinertial acceleration, but is 
generally just referred to as the head acceleration. The otolith 
FigURe 6 | The accelerometer–seismometer model of otolith operation 
holds that at low frequencies (left) the otoconia move relative to the macula, 
but at high frequencies (right) the otoconia remain stationary while the macula 
moves. In both cases, the hair bundles are deflected and the receptors are 
activated.
FigURe 5 | Microphonic recording and laser Doppler measurement of macula movement, showing the relation between the vestibular microphonic and the velocity 
of macula movement during bone-conducted vibration (BCV) or air-conducted sound (ACS) stimulation. A microelectrode on the surface of the utricular macula  
(A) records a microphonic potential from the utricular receptors in response to BCV (B) or to ACS (C). There is no contribution from the cochlea since it has been 
completely ablated. (B) Vestibular microphonic responses to a BCV tone burst (40 ms, 400 Hz sinusoid) prior (top trace) and following (middle trace) lignocaine 
application to the vestibule to block the vestibular nerve. The microphonic remains after lignocaine injection showing it is a receptor field potential. Bottom trace: the 
BCV stimulus; the linear acceleration as recorded by a triaxial linear accelerometer on the ear bar. (C) Laser Doppler vibrometry. A laser beam is projected onto a 
reflective glass bead on the macula and the Doppler shift of the wavelength of the reflected beam shows the velocity of macula movement during BCV or ACS 
stimulation. Panel (C) shows the simultaneous measurement of vestibular microphonic and macula velocity. (B) Reprinted from Pastras et al. (57), © 2017, with 
permission from Elsevier. Panel (C) is from Pastras et al. (59).
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acceleration value is a measurement of the relative displacement 
between the otolithic membrane and the NEL. This displacement 
measurement is made by the hair cells in the NEL and reported 
to the brain via the otolithic afferents.
Static or low-frequency linear acceleration causes the otoco-
nia to move relative to the NEL of the utricular macula. During 
a maintained head tilt (a DC stimulus), the linear acceleration of 
gravity acts on the otoconia and displaces the otoconia relative 
to the NEL, so the hair bundles of the otolithic receptor hair 
cells (both type I and type II receptors) are deflected relative to 
their cell bodies and a neural signal is transmitted to the brain 
via the otolithic afferents, signaling that linear acceleration has 
occurred. This is the “traditional” accelerometer mode of otolith 
operation.
If a high-frequency vibration (e.g., 2,000 Hz) is applied to the 
skull, it causes the NEL to move at the same 2,000 Hz frequency. 
But because of their mass, the otoconia remain stationary. The 
consequence is that again the hair bundles will be deflected and 
action potentials will be propagated in otolithic afferent neurons. 
This is the seismometer mode of otolith operation. The differ-
ence is that in the first (accelerometer) mode, the otoconia move 
relative to the skull and in the second (seismometer) mode, the 
macula moves relative to the skull. In both modes, the otoconia 
and macula move with respect to each other, so the hair bundles 
of the receptors are displaced relative to the cell body. In this 
way, linear acceleration and high-frequency vibration can both 
stimulate the otolithic receptors.
Neurons cannot fire at such high rates (2,000  spikes/s), but 
at all frequencies the hair bundles of the receptors are deflected 
and activated once per cycle, and the neural evidence shows that 
when the afferent neurons fire, the action potentials show phase 
locking to the individual cycles of the stimulus at both low and 
high frequencies.
Given the usual stimulus strength used in VEMP testing 
to BCV, we estimate that the magnitude of these deflections 
is probably in the 50–80  nm range. With such small deflec-
tions, it is only the type I hair cells in the striolar region, that 
are stimulated. These type I hair cells are stiff (45) due to their 
large number of stereocilia and are stimulated with these small 
BOx 1 | Transduction model of Grant and Curthoys (62).
1. The otolithic system is underdamped. The transition from accelerometer 
mode to seismometer mode would not take place if the system were not 
underdamped.
2. The transition from accelerometer to seismometer takes place at the 
system undamped natural frequency (estimated to be around 600 Hz for 
humans).
3. In the accelerometer mode, head acceleration causes the otoconial layer 
(OL) to lag behind the neuroepithelial layer (NEL), producing a relative 
displacement between NEL and OL. This relative displacement deflects 
receptor hair bundles which activates the receptors.
4. In the seismometer mode at high frequencies, the OL remains at rest due to 
its inertia and the NEL is in motion, again producing relative displacement 
between the two layers and so again activating receptors.
5. Using vestibular-evoked myogenic potential (VEMP) test frequencies and 
acceleration magnitudes, we estimate the relative displacement between 
the two layers is around 50–80 nm. This displacement is small but sufficient 
to stimulate the short, stiff, loosely attached type I hair cell bundles in the 
striolar regions, while not large enough to activate extrastriolar type II hair 
bundles.
6. The model has implications for clinical testing: the ideal stimulus for oto-
liths and thus VEMPs is one with a very rapid rise time since the otolithic 
receptors are jerk detectors. That agrees with animal experimental (61) and 
clinical data (98) (see below) that short rise times are optimal for eliciting 
ocular vestibular-evoked myogenic potentials. Modeling of the neural 
data (62) indicates 750 Hz is probably the optimum frequency for testing 
VEMPs.
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displacements seen in the high-frequency seismometer mode 
stimulus. The type II hair cells are less stiff and require larger 
deflections for stimulation. Afferents with regular resting dis-
charge receive input predominantly from type II receptors, but 
are not activated by high-frequency BCV or ACS at the levels 
tested experimentally.
The model is essentially the result of application of engineer-
ing principles for the design of accelerometers and seismom-
eters, to the otoliths. Importantly, engineering analysis shows 
that the one system can operate both as an accelerometer 
and as a seismometer. On this “accelerometer–seismometer” 
model, the one sensory system, the otoliths, transduces both 
low-frequency (even DC) linear accelerations and also very 
high-frequency stimuli. The empirical evidence that this hap-
pens comes from recordings of single otolithic afferents to a 
wide range of frequencies varying from 37 to 2,000 Hz (31) and 
showing that the one afferent is activated by stimuli across such 
a large frequency range, and from measuring (and modeling) 
the stimulus thresholds needed to activate the neuron across 
this large range.
Commercial accelerometers have an undamped natural fre-
quency in the 10–20 kHz range and seismometers in the 5–10 Hz 
range. Otoliths have undamped natural frequencies in between 
these frequencies, which allows them to operate in both modes 
(accelerometer and seismometer) over the frequency ranges that 
have been shown to activate otoliths. It is the unique undamped 
natural frequency that allows the otoliths to make the transition 
over the two operating modes.
While this model accounts for the fact that receptor hair 
bundles can be displaced at various frequencies, we need to 
drill down into the micromechanics of hair bundle deflection to 
answer the final question: exactly how do the hair bundle deflec-
tions occur for both BCV and ACS stimuli? This comes down to 
what happens at the interface between the receptor cilia and the 
otolithic membrane during stimulation.
At the striola the short, stiff hair bundles of the receptors project 
into holes in the otolithic membrane (49, 50, 63–65). So any wall 
motion of the holes in the column filament-gel layer structure 
of the otolithic membrane will produce endolymph fluid motion 
within the hole. In the striolar region, the hair cell bundles are 
only weakly attached at the top of the kinocilium (27), or not 
attached at all and are free standing (49). This fluid motion within 
the hole produces a drag force on the bundle, causing it to deflect. 
The fluid environment is so viscously dominated (Reynold’s 
numbers—the ratio of inertial to viscous forces of 10−3–10−2) that 
bundles move instantaneously with any fluid movement. In other 
words, this coupling of fluid motion to hair bundle is so strong 
that the hair bundle displacement follows the fluid displacement 
almost exactly. The viscous dominated environment results in 
bundle displacement matching fluid displacement almost exactly, 
so fluid displacement is synonymous with hair bundle displace-
ment. This account would also apply to receptor activation by 
ACS, since the vibrometry shows that the utricular macula moves 
during high-frequency ACS as well as during BCV. In sum, we 
suggest that the actual stimulus causing hair bundle deflection 
is the fluid displacement around the cilia of the type I receptors 
(see Box 1).
PHYSiOLOgY ReLevANT FOR CLiNiCAL 
TeSTiNg
Suzuki et al. electrically stimulated the utricular nerve in cats 
and showed it caused eye movements with torsional, vertical, 
and horizontal components (66). We reasoned that if 500 Hz 
BCV is a specific otolithic stimulus, it should generate a similar 
pattern of eye movements to those reported by Suzuki et al., 
and Vulovic and Curthoys (67) showed that brief 500  Hz 
BCV pulses of the skull of an alert guinea pig generated eye 
movements with horizontal vertical and torsional components 
similar to those Suzuki et al. found (Figure 7). These eye move-
ments are due to vestibular as opposed to cochlear activation, 
because after intratympanic injection of gentamicin to the 
guinea pig, a procedure which selectively kills vestibular type I 
receptor cells (68, 69), the BCV evoked eye movements disap-
pear but the indicator of cochlear function, the ABR response, 
remains (67).
Do these conclusions apply to human otolith-induced eye 
movements? In some healthy subjects (without any symptoms 
of superior canal dehiscence) we used fast high resolution video 
recording to record eye movements, and found that brief bursts 
of 500 Hz BCV of one mastoid delivered by a small clinical bone 
oscillator (Radioear B-71) caused small but systematic and reli-
able stimulus-locked eye movement responses with horizontal, 
vertical, and torsional components (Figure 7) at a short latency of 
about 20 ms or less (70). In these experiments, the subjects were 
biting on a bite-bar during the BCV stimulation to minimize head 
rotation and so minimize semicircular canal stimulation. Prior to 
such eye movements there would be electromyographic (EMG) 
potentials in the ocular muscles to cause the eye movement 
FigURe 7 | The eye movements in guinea pigs (A,B) and humans (C) in response to bone-conducted vibration (BCV). Each panel shows time series of torsional, 
vertical, and horizontal components of eye position in response to repeated tone bursts of 500 Hz BCV; below the traces are the mean and 95% confidence 
intervals (orange bars) calculated over responses to multiple stimuli. (A,B) The first line in red is the command voltage for the 500 Hz BCV stimulus. The eye 
movements in guinea pigs are eliminated (B) by intratympanic gentamicin which selectively attacks type I receptors. In humans (C), a small vibration applied to the 
mastoid (start and end time shown by the top black trace) elicits stimulus-locked torsional, vertical, and horizontal eye movements. (A,B) Reprinted from Vulovic and 
Curthoys (67), © 2011, with permission from Elsevier.
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response, and it is these potentials in eye muscles which are 
recorded in VEMPs.
Air-conducted sound and BCV both activate both utricular 
and saccular afferents (29, 31, 33). Saccular afferents in guinea 
pigs do have a lower threshold to ACS than utricular afferents. But 
afferents from both maculae respond to both ACS and BCV (30, 
31, 33). So how then is it possible to differentially assess utricular 
as opposed to saccular function? Curthoys put forward the origi-
nal idea that the differential assessment of utricular and saccular 
function can come from the largely differential neural projections 
of these two systems (71). Physiology shows that short latency 
saccular projections to inferior oblique are weak, whereas saccular 
projections to neck and spinal motoneurons are strong (72). The 
work of Suzuki et al. (66) had shown that utricular projections 
to inferior oblique are strong, so Curthoys suggested that meas-
uring the contralateral oVEMP—from the inferior oblique eye 
muscles—largely reflects the activation of contralateral utricular 
afferents by either ACS or BCV. Saccular projection to ipsilateral 
neck motoneurons is strong, so it was suggested that measuring 
the ipsilateral cVEMP from stretched neck muscles shows largely 
ipsilateral saccular function (71) (Figure 8). In this way, VEMPs 
can provide tests of utricular and saccular function not because of 
stimuli which selectively activate one or other of the two maculae, 
but by measuring responses which are predominantly determined 
by the differential neural projection of utricular as opposed to 
saccular projections to various muscle groups (Figure  8). This 
suggestion caused considerable controversy at the time (73, 74); 
however, data from patients with partial unilateral vestibular 
FigURe 8 | Schematic representations of the major neural projections from vestibular receptors to the eye muscles and the neck muscles. (A) The otolithic 
projections to inferior oblique eye muscle (IO) and sternocleidomastoid muscle (SCM). (B) The analogous projections of the anterior semicircular canal neurons to 
the IO and SCM (72). Stimulation in animals with intact labyrinths causes the neural connections shown on the left panel to be activated. However, after a 
semicircular canal dehiscence (SCD), the anterior semicircular canals are also activated by sound and vibration, so the neural projections on the right come into play. 
The green dotted lines represent the projection from the anterior canal neurons in the vestibular nucleus to the contralateral third nerve nucleus via the crossed 
ventral-tegmental track. It appears that it is this combination of otolithic and canal afferent activation which in part results in the enhanced ocular vestibular-evoked 
myogenic potential (oVEMP) and cervical vestibular-evoked myogenic potential (cVEMP) responses after SCD. (A) Reprinted by permission from John Wiley and 
Sons, Curthoys et al. (80), © 2011. (B) Reprinted by permission from Springer Nature, Curthoys (81), © 2017.
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neuritis have provided evidence confirming those suggestions. 
In response to ACS or BCV some patients show selective loss of 
the contralateral oVEMP n10, but preservation of the ipsilateral 
cVEMP p13–n23 (75, 76). Other patients show the converse: 
symmetrical oVEMPs but asymmetrical cVEMPs: the ipsilateral 
cVEMP is reduced or eliminated, yet the oVEMP is not detect-
ably affected (77). The logical consequence of that dissociation is 
that the two responses, oVEMP and cVEMP, must be generated 
from different sense organs—because to the same stimulus one 
response is affected, the other is not. Since the utricular afferents 
travel in the superior nerve and project to contralateral inferior 
oblique, it is most likely the utricular afferents which are affected. 
In light of these results, the Curthoys (71, 74) suggestion is 
now accepted: “Ocular vestibular evoked potentials are mainly 
dependent on utricular pathway function” [(78), p. 1843] and 
“The oVEMP originates predominantly from utricular afferents” 
[(79), p. 1051].
The stimulus frequency usually used for clinical testing of 
VEMPs is 500  Hz, and that frequency causes fairly selective 
activation of otolithic irregular neurons: at 500 Hz semicircular 
canal afferents with irregular resting discharge are not usu-
ally activated by sound or vibration in animals with normally 
encased bony labyrinths, at least up to BCV stimulus levels of 
2  g or 130  dB SPL ACS (28, 31). Carey et  al. reported that to 
elicit phase locking in irregular canal afferents in the chinchilla 
with a normally encased labyrinth required an extremely high 
intensity (135 dB SPL) (82). We have confirmed that result in 
guinea pigs (81, 83). Regular canal and otolith afferents are not 
FigURe 9 | The response of the one anterior canal neuron to high-frequency 
air-conducted sound (ACS), before and after a small dehiscence in the bony 
wall of the anterior canal. (A) The response of the neuron to pitch angular 
acceleration identifies the neuron as being an anterior canal afferent. 
(B) Before semicircular canal dehiscence (SCD), an 8 s burst of 1,483 Hz 
ACS has no effect on the neural response. (C) After SCD, a 10 s burst of an 
ACS of 1,479 Hz causes strong activation. Resealing the SCD causes that 
enhanced response to disappear. Reprinted by permission from Springer 
Nature, Curthoys (81), © 2017.
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activated usually by physiological levels of ACS and BCV. Higher 
level stimuli may cause them to be activated, but such levels are 
not clinically realistic. So usually there is little or no contribu-
tion from regular or irregular semicircular canal afferents during 
VEMP testing. That is changed in patients with a thinning—a 
dehiscence or window (fenestra or SCD) of the bony wall of 
the semicircular canal, who show very large VEMP potentials 
(discussed below).
The physiological results show that an SCD changes the 
neural response. After making an opening into the bony wall 
of the anterior canal, the procedure resulted in phase-locked 
activation of irregular canal afferents at a much lower intensity 
(96 dB SPL) than with the labyrinth encased (135 dB SPL) (82). 
These SCD-enhanced vestibular neural responses are consist-
ent with the results from patients with a CT-verified SCD who 
show enhanced VEMPs to sound and vibration and nystagmus 
in the plane of the dehiscent canal during maintained tonal 
stimulation (84). However, it should be emphasized that both 
the neural and clinical results are variable; not all patients with 
CT-verified SCD develop the same classic symptoms, and there 
is considerable variability in the neural results (85). This is not 
surprising since the fenestra varies from patient to patient in 
humans and animals, and many other factors have the potential 
for influencing the results, such as collapse of the membranous 
duct (86).
The definitive evidence about the neural response in SCD 
comes from the response of individual neurons where the same 
neuron was recorded both before and after the SCD and in some 
cases after resealing the SCD (Figure 9). After SCD, guinea pig 
irregular semicircular canal afferents, previously unresponsive 
to ACS or BCV in animals with fully encased labyrinths, respond 
vigorously with low threshold to the same stimulus magnitude 
which was ineffective before SCD (83, 87). Maintained sound 
or vibration results in a maintained high firing rate in irregular 
anterior canal neurons. This has been confirmed by Iversen 
et  al. (88), who also confirmed the report by Curthoys and 
Grant (53) that an SCD causes a slow change in firing of regular 
canal afferents to maintained sound. This change in neural fir-
ing corresponds to the cupula deflection caused by endolymph 
movement due to the SCD causing an impedance pumping 
type of action. Such a high firing rate would cause a maintained 
nystagmus in human patients (the Tullio phenomenon) (81). 
Nystagmus caused by such phase-locked activation in human 
patients would be expected to have abrupt onset and offset, as in 
fact happens in some patients in the clinical test called vibration-
induced nystagmus (89).
Why should an SCD cause semicircular canal neurons 
previously unaffected by ACS or BCV now to respond to 
ACS and BCV? The SCD is a third window and so ACS and 
BCV cause larger fluid displacement in the duct (90, 91), 
and irregular canal afferents synapsing on type I receptors at 
the crest of the crista (43, 92, 93) are activated by these fluid 
displacements (83). Although similar structurally and physi-
ologically to otolith type I receptors, canal type I receptors are 
not usually activated by ACS or BCV, because the sealed bony 
wall of the canal limits the amplitude of the sound-induced or 
vibration-induced fluid displacement in the canal. We reasoned 
that after an SCD, the increased fluid displacement is sufficient 
to deflect the short stiff cilia of type I semicircular canal recep-
tors on the crista, and so irregular canal afferents would show 
phase-locked activation after SCD to both ACS and BCV, and 
in humans, canal neurons would thus contribute to the VEMP 
response as was found (83).
Such an outcome in human SCD patients would result in 
lower VEMP thresholds, as is observed. In addition, irregular 
anterior canal neurons project to contralateral inferior oblique, 
and so after SCD these neurons would now contribute to and 
enhance the oVEMP n10 response in the contralateral inferior 
oblique after SCD (Figure 10). Also by virtue of their ipsilateral 
(inhibitory) projection to SCM (72) (Figure  8), the activity of 
these canal afferents would enhance the cVEMP over the ipsi-
lateral SCM.
In summary, the physiological evidence predicts the enhanced 
VEMP response seen after SCD. Patients with CT-verified SCD 
show VEMPs in response to very high-frequency stimula-
tion which is ineffective in healthy subjects with intact bony 
FigURe 10 | Recordings of ocular vestibular-evoked myogenic potentials (oVEMPs) (A,C) and cervical vestibular-evoked myogenic potentials (cVEMPs) (B,D) to 
500 Hz bone-conducted vibration (BCV) from a healthy subject (A,B) and a patient with semicircular canal dehiscence (SCD) (C,D). In each record, the stimulus 
onset occurred at time 0. In the healthy subject, BCV at the midline of forehead at the hairline (Fz) causes symmetric oVEMP beneath both eyes, with approximately 
equal amplitude oVEMP n10 components (arrowheads). By contrast, the same Fz stimulus causes an asymmetric n10 component of the oVEMP response in the 
patient: the oVEMP n10 recorded from beneath the contralesional eye is much larger than the oVEMP n10 recorded from beneath the ipsilesional eye, and is also 
much larger than seen in the healthy subject. In response to BCV at Fz, both subjects show clear cVEMP p13–n23 [arrowheads in (B,D)]. The response in the 
ipsilesional sternocleidomastoid muscle (SCM) in the patient is larger than in the patient’s contralesional SCM, but the asymmetry is not as great as in the same 
patient’s oVEMP traces. The cVEMP responses of the normal subject are more symmetrical than in the SCD patient. Reprinted by permission from Wolters Kluwer 
Health, Inc.: Manzari et al. (94), © 2012.
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labyrinth (95): a single VEMP test using 4,000 or 8,000 Hz elicits 
clear oVEMPs in such patients. Patients may have trouble even 
hearing the 8,000 Hz stimulus, which produces clear oVEMP 
n10 (95).
Afferents from other canals would probably not be affected 
by the SCD in one canal because after SCD the enhanced fluid 
displacement is apparently mainly directed to the canal with 
the new “third window.” This is in accord with what is usu-
ally found with human patients—the nystagmus produced by 
sound usually aligns with the canal in which the fenestra is 
located (96).
So how is an oVEMP n10 in human subjects to ACS or BCV 
normally caused? Probably the most effective otolithic stimulus 
is a light tap with a tendon hammer to the skull at the midline of 
forehead at the hairline, because that is a high-jerk stimulus (97), 
and that pulse of jerk would be expected to cause simultaneous 
activation in many otolithic irregular afferents. We know it is the 
very onset of the stimulus which is effective in generating human 
FigURe 11 | Ocular vestibular-evoked myogenic potential (oVEMP) 
responses [(A) time series for each stimulus type; (B) amplitudes of the n10 
peak] from a subject receiving 500 Hz bone-conducted vibration stimuli at 
the midline of forehead at the hairline. Tone bursts of varying rise times 
(ramps) were presented in random order. The size of the n10 component of 
the oVEMP depends on the rise-time of the tone burst stimulus: increasing 
the rise time causes a systematic reduction of the n10 amplitude. This is 
quantified in panel (B), where n10 amplitude is plotted against rise-time. 
Reprinted by permission from Wolters Kluwer Health, Inc.: Burgess et al. (98), 
© 2013.
BOx 2 | Summary.
•	 There are two kinds of otolithic receptor hair cells—amphora-shaped type 
I receptors and barrel-shaped type II receptors—and they are intermingled 
across the utricular and saccular maculae. There is a special band of recep-
tors called the striola, on both the utricular macula and the saccular macula, 
where there is an increased concentration of receptors with short stiff cilia 
and poor attachment to the overlying otolithic membrane.
•	 Afferent neurons from the striolae form calyx synapses on type I receptors 
and have irregular resting discharge. It is these afferents which are activated 
by both sound and vibration. In animals with normally encased bony laby-
rinths, neurons with regular resting discharge are not activated by ACS or 
bone-conducted vibration (BCV) up to the maximum levels which were used.
•	 Bone-conducted vibration is a much more effective and reliable stimu-
lus—vestibular neural thresholds to BCV are around the level for auditory 
brainstem response (ABR) threshold, whereas vestibular neural thresholds 
for ACS are around 70 dB above ABR threshold.
•	 The action potentials in the irregular afferents activated by sound and vibra-
tion are phase-locked to a particular band of phase angles of the stimulus 
waveform, up to frequencies well above 1,000 Hz for both ACS and BCV. 
In order to elicit this tight phase locking, each cycle of the waveform is the 
effective stimulus—each cycle is deflecting the hair bundles of the receptors.
•	 Grant and Curthoys (62) have suggested that the utricular macula operates 
both as an accelerometer at low frequencies and as a seismometer at high 
frequencies. On this model, at low frequencies the otoconia move relative 
to the receptor cell body (accelerometer mode), but at high frequencies 
the otoconia are stationary and the receptors move relative to the otoconia 
(seismometer mode).
•	 In both cases, the hair bundles are deflected relative to the cell body, so the 
receptors are activated both at low (accelerometer) and at high (seismome-
ter) frequencies. That is confirmed by recording of the field potential of the 
utricular receptor hair cells—the utricular microphonic—which shows that 
utricular receptors are activated by the BCV stimulus up to high frequencies. 
It is stressed that the vestibular microphonic occurs without any input from 
the cochlea.
•	 Direct measures of utricular macula movement show that the macula moves 
up and down during vibration stimulation (and sound) up to frequencies of 
thousands of Hertz. The movements are very small, but in vitro studies (52) 
have shown that individual vestibular receptors have thresholds of nanome-
ters of displacement, similar to the thresholds of cochlear receptors.
•	 In this way, 500  Hz mastoid vibration activates otolithic receptors and 
results in eye movements with horizontal, vertical, and torsional compo-
nents, in human subjects consistent with utricular nerve activation at such 
high frequencies.
•	 Surface electrodes over muscle groups can record the electromyographic 
potentials evoked by abrupt simulation by ACS and BCV, and thus these 
vestibular evoked myogenic potentials (VEMPs) are being used in the clinic 
to indicate otolithic function.
•	 Because of the largely differential projection of the utricular macula to eye 
muscles and of the saccular macula to neck muscles, it has been possible 
to index predominantly utricular function by measuring the ocular vestibular-
evoked myogenic potential by surface electrodes beneath the eyes as the 
subject looks up. Surface electrodes over tensed neck muscles record the 
cervical vestibular-evoked myogenic potential which indexes predominantly 
saccular function.
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oVEMP n10. Using very short rise-times (ramps) increases the 
magnitude of the oVEMP n10 (98) (Figure 11). Also, if a long 
duration 500 Hz stimulus is used and then its duration progres-
sively reduced, the size of the oVEMP n10 for a stimulus duration 
of 2 ms is about the same as for a stimulus lasting 10 ms (99). 
The paradoxical aspect is that such a short stimulus sounds (and 
feels) pathetically weak, but the EMG measures show it is just as 
effective at eliciting an oVEMP n10 response as a long duration 
10  ms stimulus (99) which subjectively appears to be a much 
stronger stimulus. Both results point to the very onset of the 
stimulus as being of great importance in determining the size of 
the oVEMP n10.
The widespread use of these tests together with the use of the 
video head impulse test of the function of all the semicircular 
canals has refined vestibular diagnosis of peripheral vestibular 
disorders. It is now clear that some patients have normal semi-
circular canal function bilaterally but total loss of otolith func-
tion unilaterally—as shown by reduced or absent oVEMP and 
cVEMP from one labyrinth. Even with unilateral loss of just the 
utricular macula with completely normal canal function and 
normal saccular function (100). These selective deficits support 
the contention that any individual sense organ of the vestibular 
labyrinth can exhibit dysfunction while the remainder of the 
labyrinth functions normally.
There is strong physiological evidence underpinning the initial 
step of VEMP—the activation of vestibular receptors by sound 
or vibration. The extensive projection of vestibular nuclei allow 
for many VEMP to be recorded. These with very short latency 
(cVEMPs and oVEMPs) have been favored for clinical evaluation 
of otolithic function (see Box 2 for summary).
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